A novel hybrid fiber optic sensor based on integration of
polarimetric fiber sensors for simultaneous strain and temperature measurement is presented in this paper. Two types of polarimetric fibers are used: a side-hole fiber and a polarization maintaining photonic crystal fiber. The disadvantage of each sensor type can be overcome by using the sensors in a complementary manner to measure temperature independently from average strain.
Highly birefringent (HB) polarization-maintaining (PM) fiber-based fiber-optic sensors are a new generation of sensors known as polarimetric fiber sensors which utilize polarization (phase) modulation within fibers to sense external perturbations [1] . HB polarimetric sensors can be made temperature insensitive but to measure strain they require means for setting a zero strain reference.
Polarimetric optical fiber sensors based on highly birefringent polarization-maintaining fibers have attracted great interest during the last decade [1, 2] . In HB fibers, the difference between the phase velocities for the two orthogonally polarized modes is high enough to avoid coupling between these two modes. Fibers of this type have a built-in, well-defined, high internal birefringence obtained by designing the core and/or cladding with a noncircular (mostly elliptical) geometry, or by using anisotropic stress induced by stress elements running along the length of the fiber.
The modal behaviour of the lowest-order mode HB fibers under various external deformations is of special interest for sensors and device applications. A number of physical quantities can be measured by sensors based on HB fibers: hydrostatic pressure, strain, vibration, temperature, acoustic waves, etc. ( )
where X stands for temperature (T), pressure (p) or longitudinal strain (ε) defined as:
. The effect of longitudinal strain on mode coupling is to modulate the relative phase retardation between the two orthogonal polarizations in the LP 01 mode. The general formula describing the birefringence sensitivity to strain can be expressed in terms of an experimental parameter T ε describing the amount of strain ε required to induce a 2π phase shift of polarized light observed at the output as [3] :
where 0 L β ∆ signifies the unperturbed modal (polarization) birefringence of a fiber.
Under the influence of longitudinal strain the first term on the right-hand side of expression (1) is negligible with respect to the second, so that:
Hence the phase changes of the polarimetric responses are proportional to the absolute elongation δL and are independent of the length L of the sensing region. Under the influence of longitudinal axial strain, equation (3) can be approximated with the use of equation (2) in terms of the experimental parameter T ε only:
The schematic of the hybrid sensing configuration is shown in Fig. 1 . The phase change versus strain sensitivity of the polarimetric sensors is measured using a A hybrid highly birefringent fiber optic sensing system for simultaneous strain and temperature measurement polarimeter. A laser source with a wavelength of 1550nm is used as the input source. The fabricated composite material sample was 250mm-long, 35mm-wide and 2.5mm-thick. Both types of HB fibers are embedded in the same layer of the composite material (see Fig. 2 ). In the case of a side-hole fiber, both strain and temperature changes lead to a phase difference between both polarizations of the fundamental mode, while in the case of the HB PCF the phase difference originates only from longitudinal strain and is insensitive to temperature [4] .
Thus by comparing outputs of the polarimetric sensors of both types, average strain and temperature can be obtained simultaneously. To introduce strain in the composite material sample, the sample is subject to bend deformation by applying a force in the middle region of the sample (Fig. 3) . The stress-induced (ε) elongation of the sample as a function of deflection is given by the following formula:
where s is the value of deflection, d is the distance between composite layers, L -length of the sample. Measurements made for side-hole fiber optic sensors show that strain sensitivities are different in all sensors after the lamination process (See Fig. 4 ).
. Additionally, after the lamination process the strain sensitivities for all fibers used in the experiment change dramatically. The measured strain sensitivity for both fibers before lamination (the side-hole fiber strain sensitivity is equal to 4rad/m*mstrain and for HB PCF it is 1.7rad/m*mstrain) shows that the strain sensitivity of the PM-PCF is much lower than that of the side-hole fiber. However, from Fig. 5 it is clear that for both sensors, output intensity variations are linear and have similar values. This suggests that the orientation of the polarization axes of the HB fibers in a composite material may be important for both types of the used HB fibers.
To measure the temperature sensitivity, the composite sample is attached to a Peltier cooler which is controlled by a temperature controller. The temperature of the sample is varied from 20 0 C to 25 0 C at intervals of 2.5 0 C and the intensity outputs of both embedded sensors are monitored. The results are shown in Fig. 6 . It is clear that the HB-PCF based polarimetric sensor is insensitive to temperature. Thus by configuring both sensor systems together as a hybrid sensor both strain and temperature can be measured simultaneously. The HB-PCF polarimetric sensor provides strain information and from the difference between the change in the output intensity of the HB-PCF sensor and the side-hole sensor, temperature information can be obtained. To conclude, in this letter a hybrid sensor is proposed and demonstrated by combining two types of polarimetric sensors that are based on Side-Hole fiber and HB PCF. Both sensors are strain sensitive but one of them (HB PCF) is temperature insensitive. This combination gives us the possibility to measure strain independently on ambient temperature. The proposed hybrid configuration can be effectively used for more reliable strain and temperature measurements and can be implemented in a wide range of sensing applications.
